When one side of the surface-modified ZrNi amorphous alloy membranes was hydrogen charged cathodically, the membrane with Pd plating bent rapidly with an increase in the hydrogen charging time. It was also found that the bending disappears completely when hydrogen gas was released from the specimen by heating. The repetitious bending movement was identified by a combination of hydrogen absorption and desorption without any surface damages in the membrane with Pd plating. On the basis of an X-ray diffraction analysis of the specimen surfaces before and after hydrogen charging, it was shown that the absorbed hydrogen was simply solved in the specimens and did not form hydrides during the bending. The hydrogen microprint technique revealed that the hydrogen-induced bending deformation was closely related to the gradient of the hydrogen concentration in the thickness direction of the membranes.
Introduction
In the previous study, 1) we have reported that a crystalline TiNi alloy plate shows bending reaction when hydrogen was charged preferentially from one surface by controlling the polishing condition.
2) The bending of the TiNi alloy is believed to be caused by the volume expansion because of the preferential hydrogen absorption. The similar effects have been also reported in the previous paper on the deposition of the hydrogen storage material powders like LaNi 5 on the material surfaces.
3) Up to date, however, there are few reports on hydrogen-induced bending phenomenon of the bulk materials. If we could enhance the sensitivity for such the bending movement without the hydrogen embrittlement, it might be utilized for the sensor or actuator in the future. However, it is reported that the hydrogen-charged TiNi alloys are prone to form hydrides during the hydrogen charging operation and to show the severe hydrogen embrittlement. [4] [5] [6] [7] [8] On the other hand, we have also studied the hydrogen embrittlmement sensitivity of a ZrNi amorphous alloy and found that the alloy showed better tensile/fatigue properties when the Pd was plated on the specimen surface even in the hydrogen charging state. It was concluded that the role of the Pd plating was assumed to be the enhancement of the uniform hydrogen absorption and desorption. On the basis of this background, in the present study, we focused on the ZrNi amorphous alloy [9] [10] [11] [12] having better mechanical properties than the TiNi alloy in the hydrogen environment, and examined whether the ZrNi amorphous alloy shows the bending movement after the nonuniform hydrogen charging.
Experimental Procedure
An amorphous Zr 36 Ni 64 membrane with a thickness of 30 mm was prepared by using the rapid quenching method under an argon atmosphere (as-received). In order to enhance the hydrogen absorption, Pd was deposited on both surfaces of the membrane by means of conventional electroplating (Pd-plated). Thickness of the Pd plating layers was about 500 nm. Rectangular-shaped specimens with a width of 2 mm and length of 20 mm were cut from the original membranes. Only one side of the specimen surfaces was covered with a protective film made of a synthetic rubber. Then, hydrogen charging was conducted electrolytically in a 3-mass% NaCl solution at a current density of 20, 100, 200, and 400 A/m 2 at room temperature. The maximum bending strain (") induced by the hydrogen charging was calculated by measuring the radius of curvature () at half the thickness () of the specimen using eq. (1).
" ¼ ð1Þ
The surfaces of the specimens were characterized by the Xray diffraction (XRD) method with CuK radiation in order to reveal the microstructural changes brought about by the hydrogen charging in a 0.9-mass% NaCl solution at a current density of 200 A/m 2 for 5 min, 1 h, and 3 h. In order to know the thermal stability of the amorphous phase, an XRD measurement was also conducted using the uncharged Pdplated and as-received specimens, both of which were heated to 300 C, 500 C, 600 C, or 800 C at a constant heating rate of 100 C/h in a vacuum atmosphere (10 Pa). The amount of hydrogen gas in the specimens was measured by a thermal desorption analysis (TDA) using gas chromatography with a heating rate of 100 C/min until the temperature reached 700 C. In order to examine the hydrogen absorption under the same charging condition, the TDA measurement was performed after the hydrogen charging in a 0.9-mass% NaCl solution at a current density of 200 A/m 2 for 5 min. Further, in order to compare the hydrogen absorption amounts at the same bending strain between Pd-plated and as-received specimens, the TDA of both the specimens with a bending strain of 1 Â 10 À3 , 2 Â 10 À3 , or 3 Â 10 À3 was performed. For the TDA, a high purity argon carrier gas with 99.999 mass% was passed through a quartz tube that contained the test specimen at a flow rate of 20 mL/min.
When the bent specimens fully desorbed hydrogen gas upon heating, the shape of the specimen was recovered to the original flat one. The ratio of this shape recovery brought about by the hydrogen desorption was measured by using eq. (2).
Here, " H indicates the bending strain after the hydrogen charging and " T indicates the bending strain after heating. The protective film of the hydrogen-charged bent specimens with a strain of 3 Â 10 À3 was removed, and the specimens were heated up to 500 C. In this case, the repetitious bending movement due to the combination of hydrogen absorption and desorption was evaluated. The recovery ratio during the five cycles of the repetition of hydrogen absorption (" ¼ 3 Â 10 À3 ) and desorption (300 C) was also measured. In order to check the surface damage, the surface after the repetitious bending operation for five cycles was observed with a laser microscope.
A hydrogen microprint technique (HMT) was also used for visualizing the gradient of the hydrogen concentration in the thickness direction after the hydrogen charging. Prior to the HMT experiments, the Pd-plated specimen with a protective film on one side was bent by means of hydrogen charging in a 0.9-mass% NaCl solution at a current density of 200 A/m 2 for 5 min with a strain of 3 Â 10 À3 . Then, the protective film was removed, and the middle of the bent specimen was cut in the width direction. A cross section of the cut surface was then covered with a liquid nuclear emulsion (Ilford L-4, diluted by pure water, 2 times) consisting of gelatin and silver bromide crystals using a wire loop method in a darkroom. After covering the specimen with the emulsion, we kept the specimen at 70
C for 1 h in order to diffuse the internal hydrogen atoms outside. The specimen was then dipped into formalin (40-mass% HCHO water solution) for 3 s in order to harden the gelatin layer and immersed in a fixing solution (15-mass% Na 2 S 2 O 3 -water solution) for 3 min in order to remove the remaining silver bromide particles that had not reacted with the hydrogen atoms. The arrangement of the silver particles was observed with a scanning electron microscope (SEM) equipped with an energy-dispersive Xray spectrometer (EDXS). Figure 1 shows the macroscopic views of the hydrogeninduced bending deformation in the ZrNi amorphous alloys. Under the same charging condition, the Pd-plated specimen exhibited a larger bending strain than the as-received specimen. Figure 2 shows the changes in the bending strain under the different hydrogen charging conditions. The bending strain increased linearly in both Pd-plated and as- received specimens with an increase in the charging time. The magnitude of the hydrogen-induced deformation in the Pd-plated specimen was almost the same when the applied current density was more than 100 A/m 2 . The slope of the lines obtained in Fig. 2 was compared with that of the lines in Fig. 3 as the sensitivity of the hydrogen-induced deformation, d"=dt. The sensitivity of the Pd-plated specimen was four times as high as that of the as-received specimen when the current density was more than 100 A/m 2 . Since the palladium plating to the ZrNi alloy membranes is reported to enhance the hydrogen absorption due to the catalytic effects, 11) the difference in the sensitivity could be attributed to the difference in the hydrogen absorption between the Pd-plated and the as-received specimens. Figure 4 shows the XRD in the specimens after hydrogen charging. In both the Pd-plated and the as-received specimens, a single broad peak around 40 which indicates the typical amorphous structure, was identified: however, no peaks related to hydrides such as ZrH 2 were observed. In the Pd-plated specimen, a sharp diffraction peak representing Pd was detected at 41 in addition to the amorphous structure. Therefore, it can be concluded that the absorbed hydrogen is simply solved in the specimens and does not form the hydrides. The single broad peak shifted to lower angles according to the charging time, which implied that the atomic distance in the specimens increased because of the hydrogen absorption. Therefore, it is presumed that the hydrogeninduced deformation in ZrNi amorphous alloy specimens is caused by the increase in the atomic distance due to hydrogen charging. XRD also revealed that the peak shift occurred faster in the Pd-plated specimen than in the as-received specimen when compared to the same charging time for 1 h in Fig. 4 , which is in accordance with the difference in sensitivity, as previously shown in Fig. 3 . Figure 5 shows an example of the TDA results in the specimens before and after hydrogen charging at a current density of 200 A/m 2 for 5 min. The uncharged specimens evolved no hydrogen gas at a temperature below 350 C, while the hydrogen-charged Pd-plated and as-received specimens evolved hydrogen gas even at a temperature below 350 C. In the case of the hydrogen-charged specimens, a hydrogen evolution peak appeared at 213 C in the Pd-plated specimen and at 367 C in the as-received specimen. This indicates that the Pd plating enhances the hydrogen desorption as well as the hydrogen absorption under the same hydrogen-charging condition. The absorbed hydrogen concentration was calculated by integrating the relation between the hydrogen desorption rate and the heating time. The total hydrogen concentration in the hydrogen-charged Pd-plated specimen was 0.14 mass%, which was higher than that in the hydrogen-charged as-received specimen (0.09 mass%). The relationship between the hydrogen concentration and the bending strain is shown in Fig. 6 . It is clear that the hydrogen concentration is similar in both the Pd-plated and the asreceived specimens with the same bending strain irrespective of the fact that the Pd-plated specimen absorbs high amounts of hydrogen in a short charging time. This suggests that the magnitude of the hydrogen-induced deformation is decided by the amount of hydrogen absorption. Under the same hydrogen concentration, on the other hand, the Pd-plated specimen showed slightly higher bending strains than the asreceived specimen. One of the reasons for this difference would be the thickness effect of the Pd layers on the basis of the eq. (1). 
Results and Discussion

Hydrogen-induced deformation
Shape recovery due to hydrogen desorption
The shape recovery ratio in Pd-plated and as-received specimens with a bending strain of 3 Â 10 À3 is shown in Fig. 7 . The as-received specimen had a low recovery ratio when the heating temperature was less than 400 C. However, the shape was completely recovered to the original flat shape in both the specimens when the heating temperatures approached the hydrogen evolution peaks in TDA, as previously indicated in Fig. 5 . Figure 8 shows the XRD in the uncharged Pd-plated and as-received specimens after the heat treatment. Both Pd-plated and as-received specimens were crystallized at a temperature between 500 C and 600 C, which is in accordance with the crystallization temperature (568 C) reported in the case of the ZrNi amorphous alloy. 9) However, the XRD results at 500 C showed that the formation of ZrO 2 was evident particularly in the case of the as-received specimen and not in the case of the Pd-plated Pd-plated as-received Pd-plated (uncharged) as-received (uncharged) . specimen. Therefore, the low recovery ratio shown in Fig. 7 in the case of the as-received specimen at 500 C can be associated with the changes in the surface morphology due to the oxidation. It is also found that the Pd plating on the surface is effective in the shape recovery during heating by preventing the surface oxidation.
The change in the bending strains due to the repetition of hydrogen absorption and desorption in the Pd-plated and asreceived specimens is shown in Fig. 9 . The Pd-plated specimen had a constant bending strain (4 Â 10 À3 ) after the hydrogen charging of 200 A/m 2 for 60 s. The bent shape was fully recovered to the original flat shape after the heating operation at 300 C in the case of the Pd-plated specimen. On the other hand, in the case of the as-received specimen, the magnitude of the bending strain after the cyclic operation was not constant. The as-received specimen had a smaller bending strain in the first charging operation than the Pdplated specimen. It is probable that the as-received specimen surface was covered with impurities in the first charging operation and the hydrogen absorption was prevented. In the case of second charging operation of the as-received specimen, the impurity layer such as ZrO 2 phase on the surface might be removed or broken due to the hydrogen desorption in the first cycle. Figure 10 shows the surface morphology after the hydrogen charging in the repetitious bending operation after five cycles in the Pd-plated and as-received specimens. The surface morphology of the Pd-plated specimen after the repetitious bending did not change as compared to the initial state: however, that of the as-received specimen showed a darkened surface. An energy-dispersive X-ray (EDX) analysis revealed that the darkened areas observed in the as-received specimen were composed of oxides as shown in Fig. 11 . Therefore, the decrease in the repetitious bending motion in the as-received specimen in the latter cycles can be related to the prevention of hydrogen absorption due to the formation of the oxides on the surface. However, in both the Pd-plated and the as-received specimens, no surface cracks were identified even after the repetitious bending motion. Figure 12 shows an HMT image of the cross section of the bent Pd-plated specimen, which was kept at 70 C for 1 h after the hydrogen charging. An SEM/EDX analysis revealed that the silver particles shown in Fig. 12 accumulated at the areas adjacent to the hydrogen entry side in the cross section. This implies that the hydrogen atoms inside the membranes are not always uniformly distributed. Hence, it is concluded that the hydrogen-induced deformation in the Pd-plated specimen is brought about by the gradient of the hydrogen concentration in the thickness direction. It is also noted that the silver particles were observed in the area of a ZrNi alloy phase as well as that of a thin surface Pd plating layer. 
Visualization of hydrogen absorption by HMT
Summary
The results obtained in this study can be summarized as follows: (1) Only one side of the surface-modified ZrNi amorphous alloys showed hydrogen-induced deformation because of hydrogen charging. (2) Pd plating on the ZrNi alloy surface was effective in enhancing the sensitivity of the hydrogen-induced deformation resulting from the promotion of hydrogen absorption and desorption. (3) When hydrogen was released from the ZrNi amorphous alloys by heating corresponding to the hydrogen desorption temperatures, the bent shape of the specimen was recovered to the original flat shape without any surface damage. (4) HMT revealed that hydrogen atoms were accumulated at the areas adjacent to the hydrogen entry side in the thickness direction during the hydrogen-induced deformation.
